Two major antigens of Bordetella pertussis, filamentous hemagglutinin (FHA) and pertussis toxin (PT), were efficiently purified from culture filtrate by exploiting their relative hydrophobicities and differences in affinity to sialic acid-containing protein. High yields of FHA (40 to 80 mg/liter) and PT (8 to 16 mg/liter) were first produced by growing the bacteria in the modified CL medium. The FHA and PT in the culture filtrate were adsorbed onto butyl-Sepharose by hydrophobic interaction at appropriately high ionic strength. Elution of the antigens was effected by decreasing their hydrophobicities with a buffer of low ionic strength. FHA was then separated from PT with an affinity column of fetuin-Sepharose. The fraction passing through the column contained purified FHA, and the fetuin-bound PT was eluted with buffered MgCl2. The FHA and PT purified by these steps were electrophoretically and serologically identical to the reference purified FHA and PT preparations. Approximately 16 to 32 mg of purified FHA and 4 to 8 mg of purified PT were obtained from 1 liter of culture filtrate. The described procedure for making FHA and PT antigens from B. pertussis for serologic and immunologic use is very simple, efficient, and reproducible.
The recent advances in identifying and isolating major antigens from Bordetella pertussis (5, 7, 12, 15, 21) have contributed significantly to the understanding of the biology and pathogenesis of pertussis (11) . The filamentous hemagglutinin (FHA) is a surface antigen involved in attachment of the bacteria to host cells in the infection process. As the bacteria multiply among the cilia of epithelial cells along the respiratory tract of the host, they secrete pertussis toxin (PT), which is believed to cause most, if not all, of the specific symptoms as well as immune protection (10) .
Purified FHA and PT have been under intensive investigation for use as immunogens in experimental acellular pertussis vaccines (1, 14) and as antigens for the serodiagnosis of pertussis (2, 4, (18) (19) (20) . Because of meager antigen yields in the commonly used growth media (3, 16) and the relatively complicated purification techniques, these antigens have been quite expensive and hard to obtain. Their availability has been limited mostly to specialized research laboratories. In our recent studies to find a more practical solution to antigen production and better serologic assays for FHA and PT antibodies for clinical and public health laboratories, we observed that high yields of FHA and PT were consistently produced by toxigenic strains of B. pertussis in the modified CL medium with relatively little contamination from cell lysis during growth and that the ionic strength of the milieu significantly influenced the hydrophobicity of FHA and PT. In the present study, we exploited these attributes as well as the very different affinities of these two antigens to sialic acid-containing proteins to develop a very simple and efficient procedure for their production and purification.
B. pertussis NIH 165 was grown in the CL medium (6) as modified in our previous studies (18, 19) . After incubation in a shaker water bath at 37°C for 48 h, the bacteria were separated from the supernatant by centrifugation (12, Sepharose column at 30 ml/h. Purified FHA was collected in a single fraction of about 80 ml as it passed through the affinity column for PT.
The fetuin-Sepharose column was washed with 150 ml of 1 M NaCI in 0.05 M Tris hydrochloride, pH 7.4, at a flow rate of 100 ml/h. The bound PT was then eluted with 4 M MgCl2 in 0.05 M Tris hydrochloride, pH 7.4, and was collected as a protein peak in one fraction of about 6 ml. The complete procedure is outlined in Fig. 1 .
The yields of FHA and PT in culture filtrate and the purification efficiency of the system derived from a representative experiment are summarized in Table 1 . B. pertussis NIH 165 produced about 40 to 80 mg of FHA and 8 to 16 mg of PT in 1 liter of the modified CL medium as estimated by ELISA with specific antiserum to FHA or PT (18) . The yields were consistent with those observed in our previous studies (18, 19) . The growth conditions and the modified CL medium also enhanced production of FHA and PT by other toxigenic strains (19) . After purification, about 16 to 32 mg of FHA and 4.5 to 9 mg of PT were obtained, indicating isolation efficiencies of about 40% for FHA and 57% for PT. The final yields of FHA and PT as quantified by ELISA were comparable with the results determined by hemagglutination with 0.5% goose erythrocytes (19) and by the Lowry assay (9) for protein, using FHA-R and PT-R as reference preparations.
The purified FHA and PT were electrophoretically and serologically identical to the reference FHA-R and PT-R. The electrophoretic patterns as determined by the method of Laemmli (8) with a Protean Il 20-cm Slab Cell (Bio-Rad Laboratories, Richmond, Calif.) are shown in Fig. 2 . Serologic specificity and sensitivity of the isolated FHA and PT were ascertained by comparison with FHA-R and PT-R by the ELISA procedures described previously (18, 19) . Serum specimens from patients with culture-positive pertussis were selected to cover a wide range of titers for the immunoglobulin A (IgA), IgG, and IgM classes of antibodies to FHA and PT. Results from tests performed simultaneously indicated no difference in sensitivity and specificity between hydrophobic-affinity-purified and reference antigens as indicated by antibody titers (Table 2 ).
This study demonstrates that under appropriate conditions hydrophobic interaction is a simple and effective technique to aid in the purification of FHA and PT from culture filtrates of B. pertussis. It works on the principle that the relative hydrophobicities of FHA and PT change in response to ionic strength, and specific adsorption and desorption of the antigens by hydrophobic resins are achieved by manipulating the ionic strength in the column. The experimental conditions defined in this report appear to be optimal with respect to isolation efficiency and specificity. Two other hydrophobic resins, phenyl-Sepharose CL-4B and octylSepharose CL-4B, were tested in this study along with butyl-Sepharose and showed greatly reduced elution effi-VOL. 28, 1990 f.. ciency because of strong hydrophobic interaction with the antigens. Strong chaotropic agents were required to elute the antigens, which resulted in nonspecific desorption of other proteins adsorbed from the culture filtrate (data not shown). Svoboda and co-workers (17) reported purification of PI by consecutive chromatography on Blue Sepharose, phenylSepharose CL-4B, and hydroxylapatite. A solution of 17% glycerol in 0.1 M Tris base was used to elute PTI from phenyl-Sepharose CL-4B before further purification with hydroxylapatite, and the isolation efficiency was reported to be 23%. The procedure described in the present study permits isolation of both FHA and PT antigens from one batch of culture filtrate in two simple chromatographie steps, with isolation efficiencies of about 40% for FHA and 57% for PT. The chromatographie steps can be completed within 6 h, and the columns can then be regenerated for repeated use.
With a culture system which yields high concentrations of FHA and PT in a culture filtrate with relatively little contamination of other cellular components (18, 19) combined with a simple and efficient purification system which requires only commonly used, inexpensive laboratory chemicals and reagents, the production of purified FHA and PT for serologic and immunologic use should now be well within the reach of most public health and clinical laboratories. In view of the importance of these antigens in immunity against pertussis (10, 11, 13) , the described procedures may also be very useful in the development and production of an acellular pertussis vaccine containing these antigens as components (1, 14) .
